Hierarchically porous zeolite Beta (Beta-MS) synthesized by a soft-templating method contains remarkable intra-crystalline mesoporosity, which reduces the diffusion length in zeolite channels down to several nanometers and alters the distribution of Al among distinct crystallographic sites. When used as a catalyst for the conversion of methanol to hydrocarbons (MTH) at 330 o C, Beta-MS exhibited a 2.7-fold larger conversion capacity, a 2.0-fold faster reaction rate, and a remarkably longer lifetime than conventional zeolite Beta (Beta-C). The superior catalytic performance of Beta-MS is attributed to its hierarchical structure, which offers full accessibility to all catalytic active sites. In contrast, Beta-C was easily deactivated because a layer of coke quickly deposited on the outer surfaces of the catalyst crystals, impeding access to interior active sites. This difference is clearly demonstrated by using electron microscopy combined with electron energy loss spectroscopy to probe the distribution of coke in the deactivated catalysts. At both low and high conversions, ranging from 20% to 100%, Beta-MS gave higher selectivity towards higher aliphatics (C 4 -C 7 ) but lower ethene selectivity compared to Beta-C. Therefore, we conclude that a hierarchical structure decreases the residence time of methylbenzenes in zeolite micropores, disfavoring the propagation of the aromatic-based catalytic cycle. This conclusion is consistent with a recent report on ZSM-5 and is also strongly supported by our analysis of soluble coke species residing in the catalysts.
INTRODUCTION
Zeolites are microporous aluminosilicates with regular intra-crystalline cavities and channels of molecular dimensions. The small pore sizes of zeolites (0.3-1 nm) render unique size-and shape-selectivity in catalysis, [1] [2] but give rise to constraints for molecular diffusion within zeolite crystals. 3 As a consequence, zeolite-catalyzed reactions are often limited by slow diffusion.
Decreasing the size of zeolite crystals could reduce the diffusion length, but this method is not favorable because it is difficult to synthesize zeolite crystals smaller than 100 nm, and furthermore, ultrafine catalyst particles are difficult to handle and thus, undesirable for practical applications. [4] [5] An alternative and perhaps more effective method to circumvent the diffusion limitation imposed by small pores is to create a large number of mesopores (> 2 nm)
in zeolite crystals. [6] [7] [8] With this strategy, it is possible to significantly reduce the diffusion length (down to several nanometers), because mesopores break the microporous zeolitic framework into small domains. The resulting materials are usually referred to as "hierarchical zeolites" or "mesoporous zeolites," in which mesopores allow rapid diffusion and enhanced accessibility for bulky molecules, while zeolitic micropores enable catalytic activity and selectivity. [9] [10] [11] Conventional methods for preparing hierarchical zeolites are based on various postsynthesis processes such as steaming, 12 acid (or base) leaching, [13] [14] and chemical treatments. [15] [16] [17] Recently, more efforts have been made towards the "direct synthesis" of hierarchical zeolites through soft-templating routes, [18] [19] [20] [21] which can achieve greater mesoporosity, more precise control of pore size, and higher zeolite structure integrity compared with "post-treatment" methods. Hierarchical zeolites prepared by different methods have been tested as catalysts for various reactions, and typically, they exhibit higher catalytic activities (especially when the reactant molecules are bulky) , [22] [23] longer lifetimes, [24] [25] slower coke formation rates, 26 and altered product selectivities 27 compared to conventional zeolites with the same framework types. For example, we recently reported that a non-surfactant cationic polymer can act as a dual template to synthesize hierarchical zeolite Beta. 28 The obtained material (Beta-MS) featured remarkable mesoporosity, single crystallinity, excellent stability, and superior catalytic activity over conventional zeolite Beta in several liquid-phase reactions. Although there is a bulk of evidence for the superior catalytic properties of hierarchical zeolites, a systematic 4 comparison between a hierarchical zeolite and its bulk (non-mesoporous) counterpart for a particular reaction on the basis of detailed catalyst characterization and a careful analysis of the full products is lacking.
The conversion of methanol to hydrocarbons (MTH) has attracted considerable attention in the past few decades because it provides an alternative way to produce fuels and chemicals that are currently mainly produced by petroleum-based synthetic routes. Acidic zeolites are the most commonly used catalysts for MTH reactions. 29 It is generally accepted that MTH reactions on zeolites follow an indirect "hydrocarbon pool" mechanism, [30] [31] in which the active intermediates repeatedly undergo methylation or cracking reactions to produce complex hydrocarbons, and that there are two catalytic cycles coexisting in the process: an aromaticbased cycle and an olefin-based cycle, in which polymethylbenzenes and olefins act as the active hydrocarbon pool species, respectively (Scheme 1). [32] [33] [34] This dual-cycle mechanism may explain the observed product selectivity of MTH on different zeolites by considering how the pore structure of the zeolite catalyst affects the relative propagation of the two cycles. 29 For example, ZSM-22 has one-dimensional non-interacting 10-member-ring channels that are too small to form polymethylbenzene intermediates; consequently, the aromatic-based cycle is suppressed while the olefin-based cycle dominates the conversion process, giving rise to high selectivity for branched C 5+ -fraction alkenes. [35] [36] In contrast, SAPO-34 has large 12-member-ring cavities with small (3.8 × 3.8 Å) pore openings that enrich aromatic intermediates, promoting the aromatic-based cycle to produce more ethene 37 (a termination product of this cycle, see Scheme 1). Likewise, the MTH product distribution over ZSM-5 can be tuned by varying the reaction conditions (e.g., feed compositions [38] [39] [40] and zeolite crystal sizes 4, [41] [42] ) to adjust the relative propagation of these two catalytic cycles.
Hierarchical zeolites have been used for MTH, mainly based on the ZSM-5 system. Schmidt et al. 43 prepared hierarchical ZSM-5 zeolite via the desilication reassembly technique for MTH conversion. They found that in addition to a longer lifetime, hierarchical ZSM-5 shows a distinctively different deactivation/reactivation behavior from that of conventional ZSM-5.
During successive deactivation/reactivation cycles, conventional ZSM-5 showed a near constant reaction rate and an increasing deactivation rate, while hierarchical ZSM-5 showed the opposite 5 behaviors (a decreased reaction rate but a constant deactivation rate). Aramburo et al. 12 reported that mesoporous ZSM-5 prepared by steaming treatment exhibited similar activity and selectivity but better stability in MTH than did untreated ZSM-5, and that different coke species formed in the two catalysts. Ryoo et al. 44 synthesized ZSM-5 nanosheets with only one unit cell thickness that exhibited a 5-fold longer lifetime compared to the conventional ZSM-5 catalyst when used for MTH conversion. Most recently, Bhan's group 42 systematically investigated the effect of ZSM-5 crystallite size on product selectivity in MTH conversion. Their results showed that larger crystallites favor the aromatic-based cycle to give higher light-olefin selectivity, because of the prolonged intra-crystalline residual time of methylbenzenes. In this study, hierarchically structured (self-pillared) ZSM-5, with a diffusion length as short as ~ 1 nm, was used as a representatively smallest crystallite.
Here, we endeavor to explore the influence of mesoporosity in zeolite Beta on its catalytic performance for the MTH reaction by systematically comparing highly mesoporous zeolite Beta (Beta-MS) with conventional zeolite Beta (Beta-C). We analyzed the full products and probed the coke species and their distributions in the catalysts with the assistance of electron microscopy and electron energy loss spectroscopy. The data we obtained explains the difference between the two catalysts and provides important insights into the influence of intra-crystalline mesoporosity on the catalytic properties of zeolites.
EXPERIMENTAL SECTION
Preparation of the Catalysts Beta-MS was hydrothermally synthesized from an aluminosilicate gel using a cationic polymer (polydiallyldimethylammonium chloride) as a template; a detailed description of its synthesis can be found in our recent publication. 26 Beta-C was synthesized according to a previously reported method. 45 To convert zeolites to the H-form, the as- 
Characterizations of the Catalysts Scanning transmission electron microscopy (STEM) images
were acquired on a FEI Titan ST Microscope operated at 300 KV using a high-angle annular dark field (HAADF) detector. High-resolution TEM was performed on a JEOL JEM-3010 TEM at 300 KV. Next, the sample was exposed to a mixed gas (10 mol% NH 3 was only a trace amount (< 2%) of C 8+ aliphatics in the liquid products, which were therefore ignored in the discussion. Dimethyl ether was not considered as a product for the calculation.
Analysis of the Residual Organic Species in Used Catalysts
Residual soluble organic species from catalysts were extracted following a commonly used procedure. [46] [47] [48] Specifically, the catalyst was taken out of the reactor after the desired reaction time, and 200 mg of this used catalyst was transferred to a capped Teflon vial and dissolved in 6 mL of 24% HF for 3 h. Then, 6.0 mL of CH 2 Cl 2 was added to the solution to extract the liberated organic species from the water phase. After 3 h, the organic phase was separated from the mixture, and analyzed using GC and GC-MS equipped with the same HP-5 column (30 m*0.32 mm*0.25 μm).
Elemental Carbon Mapping and EELS Spectroscopy The focused ion beam (FIB) technique was
used to cut a thin slice from a deactivated catalyst crystal for carbon mapping and electron energy loss spectroscopy (EELS). FIB sample preparation was conducted on an FEI Helios NanoLab 400S FIB/SEM dual-beam system. Before cross sectioning by FIB and the ion milling process, crystals were pre-sputtered by a thin gold layer with a thickness of 5 ~ 10 nm. This layer acted as both a marker and a separator between the coke species inside the crystal, and the Pt/C layer outside the catalyst crystal that was deposited prior to FIB cross sectioning served to protect the sample from being damaged by the ion beam. This step is essential to identify the intrinsic distribution of coke species throughout the cross-section specimen of zeolites and to avoid surface damage by the ion beam and the diffusion of deposited carbonaceous species into the specimen. STEM imaging and EELS were performed on a cubed Titan G2 electron microscope with a probe-corrector operated at 300 kV. A Cs-corrected and 8 monochromated STEM probe was used for site-specific characterization of the coke species in zeolites as it offers both high-spatial (< 1.4 Å) and high-energy resolution (~ 0.2 eV).
RESULTS AND DISCUSSION
The two catalysts investigated in this study, hierarchically structured mesoporous zeolite Beta (denoted as Beta-MS) and conventional zeolite Beta (denoted as Beta-C), have comparable particle sizes (300-500 nm and 400-600 nm for Beta-MS and Beta-C, respectively) and are both 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 temperature programed desorption of ammonia experiments show that Beta-MS has slightly fewer acid sites compared to Beta-C (Figure 2c ), possibly due to its lower Al content.
The locations of tetrahedrally coordinated Al sites (Al T-sites) in the zeolite lattice determine their stability and accessibility and impact the acidity of the zeolite. [49] [50] [51] It is interesting to explore whether the fabrication of a hierarchical structure (i.e., the incorporation of mesopores)
can cause Al T-site distribution to vary for a given zeolite type. Recently, Vjunov et al. used ultrahigh-field 27 Al MAS NMR to probe the distribution of Al among the nine crystallographically distinct T-sites in zeolite Beta (T1-T9 sites, see Figure 3 ), and their analysis was based on the deconvolution of the spectra according to the DFT-predicted 27 Al NMR chemical shifts. [52] [53] Using this established method, we probed the Al distribution in Beta-MS and Beta-C. Figure 3 shows the 27 Al NMR spectra measured at 900 MHz, where by fitting the experimental spectra using the DFT-calculated NMR chemical shifts, [52] [53] We tested Beta-MS and Beta-C with the MTH reaction using a fix-bed reactor at 330 °C and 101 KPa total feed pressure. The initial conversion of methanol was controlled by varying the hydrocarbon selectivity increased with decreasing crystallite size of the ZSM-5 catalyst. They proposed that the aromatic-based cycle is suppressed by short diffusion lengths because the produced methylbenzene intermediates can easily exit micropores without undergoing further dealkylation reactions that are integral for the aromatic-based cycle that produces ethene. 42 Because our results are in good agreement with these observations, we can infer that although the 12-member-ring channels of zeolite Beta are sufficiently large for most molecules involved in MTH conversion without restriction, the creation of intra-crystalline mesoporosity imposes a similar impact on the product selectivity as has been reported for ZSM-5. 42 We note that the effect of crystallite size on the product selectivity is more significant for ZSM-5 than for Beta, likely because ZSM-5 has narrower pores (more severe transport restriction).
We also evaluated the catalytic performance of Beta-MS and Beta-C in terms of conversion capacity, reaction/deactivation rate, selectivity, and lifetime at high conversions of methanol.
For this purpose, we adjusted the WHSV to be 0.94 g MeOH g Cat -1 h -1 for both catalysts to ensure that they handled the same quality of feed. Under this condition, Beta-MS and Beta-C gave 100%
and 97% conversions, respectively, at the beginning of the reaction. With prolonged time-onstream, conversions of methanol gradually decreased due to catalyst deactivation. Notably, Beta-MS exhibited a significantly slower deactivation rate than Beta-C. As shown in Figure 5 , the lifetime before the conversion dropped to 50% was 24.5 h for Beta-MS and 9.0 h for Beta-C.
A model developed by Janssens was used to derive the conversion capacity R, the rate constant k, and the deactivation coefficient a from the lifetime plots. 54 The results clearly show Table 1 ). Given that the two catalysts have an identical framework type with comparable crystal sizes and Si/Al ratios, the superior catalytic performance of Beta-MS can be attributed to its unique hierarchical structure. The highly interconnected mesoporous network within Beta-MS crystals allows all acid sites in the catalyst particles to be fully accessible, and thus, gives a high conversion rate and a large conversion capacity; meanwhile, it reduces the probability of coke formation (by promoting molecular transport) and increases the coke tolerance capacity, which accounts for the long lifetime of the catalyst. In contrast, due to diffusion constraints, the conversion of methanol over Beta-C mainly takes place on the outer layer of catalyst particles where coke is easily accumulated, subsequently blocking reacting molecule access to the interior acid sites and quickly deactivating the catalyst. The insufficient use of active sites explains the inferior catalytic performance of Beta-C compared to Beta-MS. We verified these hypotheses by observing the distribution of coke in the deactivated catalysts (vide infra). We monitored the changes of product selectivity with time-on-stream until the catalysts were essentially deactivated (conversion < 20%). As illustrated in Figures 6a and 6b , Beta-MS and Beta-C show a similar evolution trend of product selectivity. At the beginning of the reaction, both catalysts gave C 4 -C 7 aliphatics as the main products (butene dominating in this fraction), but their selectivity quickly decreased as the reaction proceeded. Propane was the other product with decreased selectivity, while all other identified products, including aromatics, propene, ethene, and methane, showed gradually increased or constant selectivity with prolonged time on stream (Figures 6a and 6b) . These results suggest that over both catalysts, the olefin-based cycle dominates in the initial stage of the reaction, but the aromaticbased cycle is gradually boosted as the reaction proceeds. Meanwhile, certain marked differences in selectivity were evident between the two catalysts. Beta-MS produced more C 4 -C 7 aliphatics than Beta-C throughout the whole lifetime: selectivity decreased from 61% to 38% over 30 h for Beta-MS but from 46% to 31% within 12 h for Beta-C ( Figure 6c ). As the major product of this fraction, butene followed the same trend of selectivity over the two catalysts with Beta-C. These results are consistent with the discussion about low methanol conversions from above, and can be attributed to the easy molecular transport in Beta-MS that reduces opportunities for MBs to undergo multiple methylation/dealkylation reactions.
Next, we investigated the coke species formed by each catalyst to help further explain their catalytic behaviors. Thermogravimetric analysis of the used catalyst determined the coke content according to weight loss between 300 and 800 °C. Interestingly, despite converting more methanol ( Figure 5 ), Beta-MS produced less coke than Beta-C at the same reaction time;
for example, after 5 h, coke contents were measured for Beta-MS and Beta-C at 8.7 wt% and 11.7 wt%, respectively (Figure 7a ). The slower coke formation in Beta-MS can be attributed to its hierarchical structure, which provides better molecular diffusion to depress the polymerization of aromatic hydrocarbons. However, when completely deactivated, more coke 13 accumulated in Beta-MS (16.8 wt%) than in Beta-C (13.5 wt%), indicating that Beta-MS has a higher tolerance capacity to coke (Figure 7b ). We used the FIB technique to cut ultrathin crosssection specimens (60 ~ 80-nm thick) out of completely deactivated catalyst crystals. From these specimens, we were able to probe the distribution of the coke in the two catalysts using STEM and EELS. Elemental carbon (K-edge) mapping by EELS reveals an obvious difference between the two catalysts: Beta-MS has a fairly uniform coke distribution throughout the entire crystal, while Beta-C exhibits an inhomogeneous distribution of coke that is concentrated at the outer layer and scarce in the inner region of the crystal (Figure 8 ). This result is consistent with the TGA analysis showing that Beta-MS can tolerate more coke than Beta-C. More importantly, it reveals the different reaction sites of the two catalysts. With Beta-C, due to the diffusion restriction imposed by the microporous system, the conversion essentially takes place at the outer surface of catalyst crystals, where once a dense layer of coke is formed, the interior acid sites are blocked and become useless for catalysis. In the case of Beta-MS, all acid sites of the catalyst are accessible because the hierarchical structure circumvents the diffusion constraints.
This difference explains the greater conversion capacity, the faster reaction rate, and longer lifetime of Beta-MS compared to Beta-C.
In addition to the overall distribution of coke, high-resolution EELS (energy resolution of ~ 0.2 eV along with a small focal depth of < 10 nm) allowed us to probe the chemical nature of coke species at specific locations in the catalyst crystals. From another two FIB-cut specimen (the two FIB-cut specimen used for Figure 8 were contaminated after the scanning for carbon mapping), we acquired two EELS spectra for Beta-MS by focusing the electron beam on a mesopore region (site 1) and a zeolite domain (site 2), respectively, and one EELS spectra for Beta-C (site 3) (see Figure 9) . By comparing the EELS fine structures of the three sites, we learn that site 1 has a 1s π* excitation at 285.1 eV, which is conventionally assigned to large aromatics with high degrees of graphitization [55] [56] and does not appear in the EELS spectra of sites 2 or 3 ( Figure 9 ). Sites 2 and 3 both show a peak of higher energy loss (288.6 eV for site 2 and 288.4 eV for site 3) that is absent from site 1's spectrum. This peak can be attributed to the C-H 1s-3p/σ* resonance and thus, reasonably considered to be indicative of the existence of Hrich carbon species. 56 These results suggest that for conventional zeolites, the coke residues in 14 the micropores are low-molecular-weight H-rich species (e.g., MBs and long-chain aliphatics), while heavier graphite-like coke deposits are formed on only the outer surfaces of the catalyst particles. This is conceivable considering the small dimensions of zeolitic micropores. In the case of Beta-MS, however, the intra-crystalline mesopores are sufficiently large to accommodate heavy coke with high degrees of graphitization. More interestingly, we observed another 1s π* excitation at ~286.5 eV in the EELS spectra for both Beta-MS and Beta-C ( Figure   9 ), which is a sign of the presence of aromatic C=O sp 2 carbon species in the coke. 56 It was recently proposed that oxygen-containing species may be a possible cause for the deactivation of MTH catalysts, especially in the initial period of the reaction. 57 However, no specific oxygencontaining species have yet been identified, and their formation mechanism remains unclear.
Our EELS results provide evidence for the presence of oxygen-containing species in the coke and specifies that they contain aromatic C=O bonds.
To gain more information about the coke, we extracted the organic species retained in the catalysts after different reaction times by using the standard method, dissolution of the zeolite aluminosilicate framework with HF solution followed by extraction of the organic species with CH 2 Cl 2 from the water phase. [46] [47] [48] The extracted (soluble) species, which are essentially the Hrich compounds residing in the zeolitic micropores and account for ~5 wt% of the total coke, were analyzed with GC and GC-MS. In good agreement with the EELS results, an oxygencontaining compound was identified by GC at the retention time of 26 min as C 8 H 8 O (m/z=120).
Based on the fragmentation pattern, the most plausible molecule is 4-methyl-benzaldehyde (see Figure 10 , Figures S6 and S7 ). This compound was detected in the residues of both Beta-MS and Beta-C at different reaction times (Figure 10 ). 4-methyl-benzaldehyde was only detected in the coke but not in the effluent products of the reaction, suggesting that once produced, this compound strongly adsorbs on the active sites of zeolite catalysts or is quickly converted into other products (most likely aromatics). It is worth noting that we also identified two oxygen-containing compounds (di-and tri-methyl-2-cyclopenten-1-one) in the coke when zeolite ZSM-5 was used for MTH conversion. A detailed investigation of these unreported coke species, including their content, formation mechanism, and influences on the catalyst activity, will be reported elsewhere shortly. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   15 With the exception of 4-methyl-benzaldehyde, the residual organic species can be classified into MBs (dominated by hexamethylbenzene and pentamethylbenzene) and long-chain aliphatics (C 10 , C 11 , C 12 , C 14 , etc.). As shown in Figure 10 , These results provide additional evidence for our aforementioned conclusions that Beta-MS allows for the easy diffusion of MBs out of the microporous channels due to the hierarchical structure, subsequently suppressing the propagation of the aromatic-based cycle relative to the olefin-based cycle; the opposite effect applies to Beta-C.
Conclusions
In summary, we systematically compared the catalytic properties between hierarchically porous Beta-MS with conventional microporous Beta-C for MTH conversions. Our results show that the significant intra-crystalline mesoporosity is indeed advantageous for improving the accessibility of acid sites in the catalyst crystals, and thus give rise to a larger conversion capacity, a faster conversion rate, and a longer catalyst lifetime. It also enables Beta-MS to afford more coke than Beta-C before complete deactivation. On the other hand, the two orders of magnitude difference in diffusion length results in different product selectivity between Beta-MS and Beta-C. Methylbenzenes, which are the intermediates of the aromatic-based cycle in MTH reaction, can easily diffuse out of the zeolite channels in Beta-MS, limiting the propagation of this catalytic cycle, while relatively promoting the olefin-based cycle. As a consequence, Beta-MS gave lower ethene selectivity but higher selectivity towards C 4 -C 7 aliphatics with respect to Beta-C in a wide range of methanol conversion (20% to 100%). We analyzed the residual coke species in the used catalysts and found a smaller ratio of MBs: long-chain aliphatics in Beta-MS compared to Beta-C regardless of the reaction time. This result provides further evidence for the suppressed aromatic-based cycle in Beta-MS. Using FIB, STEM, and EELS techniques, we were able to visualize the distribution of coke in the deactivated catalysts. The results verify our hypothesis that all the acid sites in Beta-MS were fully used for catalysis whereas a large fraction of acid sites in Beta-C was blocked (useless for catalysis) by a layer of coke that formed on the crystal's outer surfaces. Results from EELS implied the presence of oxygen-containing compounds in the coke and accordingly 4-methyl-benzaldehyde was identified in the residual organic species by GC-MS. The formation mechanism of such a compound in MTH reactions has little exposure in the literature and its role in deactivating the catalyst may be worthy of careful investigations in the future. ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Page 19 of 31

ACS Paragon Plus Environment
ACS Catalysis
